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A B S T R A C T
This work aimed at comparing diﬀerent UV and H2O2 based advanced oxidation processes (AOPs)−photolysis,
UV/H2O2, and photo-Fenton reaction- for the degradation of 2,4-dichlorophenoxyacetic acid (2,4-D), a common
ingredient of phytosanitary products. The inﬂuence of oxidant dose (H2O2), catalyst type and concentration,
pollutant concentration, water matrix and irradiation spectrum was also analyzed. Under reference conditions
(25mg/L of 2,4-D in osmosed water), photo-Fenton oxidation using Fe2+ salt, initial pH value of 2.6 and a low-
pressure mercury vapor lamp (10W, λ=254 nm) yielded more than 85% of pollutant mineralization in one
hour, as compared to 60% and less than 10% for UV/H2O2 and photolysis, respectively. Such a performance
could be achieved in 10min only when applying optimal concentration range for Fenton’s reagent (2 to 5 times
the stoichiometric amount of H2O2 and oxidant-to-catalyst molar ratio from 25 to 40). Conversely, addition of a
ZSM-5 zeolite bearing iron active sites albeit catalyzing Fenton oxidation at natural pH – did not bring additional
beneﬁt to UV/H2O2 process. Use of wastewater treatment plant eﬄuent as aqueous matrix or irradiation in the
UVA-visible range somewhat lowered the ﬃciency of the homogeneous photo-Fenton process. Nonetheless,
bench scale experiments under sunlight gave promising results for 2,4 D remediation in wastewater, leading to
over 80% conversion of the pollutant within ten minutes.
1. Introduction
Phenoxyalkanoic herbicides are considered as serious contaminants
of superﬁcial and ground waters due to their high solubility in water
and slow degradation by biological processes [1]. 2,4-Di-
chlorophenoxyacetic acid (2,4-D) is one of the most widely used her-
bicides in the world [2,3], and over 1500 commercial phytosanitary
products contain 2,4-D as the main active substance [4]. This molecule
has frequently been detected in surface and ground waters in Europe
and North America [5], and it has been classiﬁed as refractory pollutant
by the Environmental Protection Agency (EPA) [6]. 2,4-D may ad-
versely aﬀect the aquatic life in water bodies and can cause chromo-
somal aberrations in human lymphocytes [7]; the World Health Orga-
nization (WHO) referred it as moderately toxic (Class II) and hence set
its maximum allowable concentration in drinking water to 100 ppb [8].
Therefore, development of eﬃcient degradation processes for this
compound and its derivatives is of great importance. Advanced
Oxidation Processes (AOPs) have proved to degrade many diﬀerent
families of organic compounds, including pesticides. They are based on
the generation of highly reactive species, principally the non-selective
hydroxyl radicals (OH%). The hydroxyl radical has the ability to oxidize
most of the organic molecules, ultimately converting them into water,
carbon dioxide, and inorganic acids or salts.
Several publications have studied the degradation of 2,4-D in water
by diﬀerent AOPs, mainly: heterogeneous photocatalysis over TiO2,
Ca–Ce–W–TiO2, Au/TiO2–CeO2 [9–12], electrochemical-based treat-
ment [13–15], ozonation [16–20]− alone, or combined with UV [16],
heterogeneous catalysts [17–19] or hydrogen peroxide [20]. Most of
these works, reported total degradation of the pollutant and above 40%
mineralization yield in 15min of reaction time. The most successful
process combined ozonation with UV and Fe(II) catalyst, resulting in
full conversion of 2,4-D in 15min and of total organic carbon in 90min
[18].
On the other hand, remediation of this pollutant using UV irradia-
tion can be of interest, as it is known to be a simple, clean and rather
eﬃcient treatment. Moreover, UV light can ctivate the decomposition
of H2O2 into OH% or contribute to the regeneration of ferrous ion cat-
alyst in the Fenton reaction [21].
Homogeneous Fenton mechanism can be brieﬂy described by the
following reactions:
+ → + ++ + −Fe H O Fe OH OH2 2 2
3 • (1)
+ → + ++ + +Fe H O Fe HO H3 2 2
2
2
• (2)
Regeneration of ferrous iron (Eq. (2)) is recognized as the limiting
step of this catalytic process, which usually hinders mineralization of
the pollutants. However, its rate can be signiﬁcantly increased using
photons, providing additional radicals s per to Eqs. (3) (photo-reduction
of Fe3+) and (4) (photolysis of H2O2) [21].
+ + → + ++ + +Fe H O hν Fe OH H3 2
2 • (3)
+ →H O hν 2OH2 2
• (4)
In addition, this so-called photo-Fenton process can beneﬁt from a
wider range of the irradiation spectrum than photolysis or UV/H2O2, as
wavelengths up to 580 nm were found active for the photoreduction of
dissolved ferric iron [22]. Therefore, the use of solar light has gained
attention in photo-Fenton reaction due to the possibility of reducing the
energy demand [23].
Even though it is well known that irradiation spectrum and intensity
are key parameters of the photolytic degradation of organic com-
pounds, the role of these parameters on 2,4-D degradation has not been
systematically studied before. Neither has the optimization of hydrogen
peroxide and ferrous salt concentrations been previously carried out.
This work will pay attention to both aspects with the purpose of
achieving the degradation of the pesticide and its mineralization in less
time.
The aim of this work was thus to propose an eﬃcient and eco-
nomical alternative for 2,4-D degradation based on UV–vis irradiation,
either as a single treatment or combined with chemicals (H2O2 or
Fenton’s reagent) and to optimize the operating conditions of the se-
lected process. For that purpose, the inﬂuence of key parameters, such
as irradiation spectrum (UV, UV/Vis or Vis range) and intensity, oxi-
dant dose, catalyst type (Fe2+ or supported iron oxide) were carefully
examined, as well as the eﬀect of pollutant concentration and water
matrix using inﬂuent or eﬄuent from wastewater treatment plant
(WWTP).
2. Materials and methods
2.1. Chemicals
2,4-D (purity≥ 99.0%), H2SO4 (95–97%), hydrogen peroxide (Ph
Eur, 30% w/w solution), and Fe2SO4·7H2O (99.5%) were supplied by
Sigma-Aldrich. In addition, a commercial iron containing zeolite of
ZSM-5 structure (Fe-MFI-27, 3.5 wt% Fe provided by Süd-Chemie AG),
was evaluated as catalyst for the Fenton oxidation.
KI (99.5%), Na2SO3 (99.0%), KH2PO4 (99.0%), Na2HPO4.2H2O
(99.0%) from Sigma-Aldrich, HPLC grade acetonitrile (Scharlau-
Chemie) and orthophosphoric acid (89%, Fluka) were used for the
analysis of the liquid samples.
2.2. Experimental set-ups and procedures
Most of the experiments performed in the lab-scale photochemical
reactor used synthetic solutions containing 25mg L−1 (0.11mmol L−1)
of pesticide in osmosed water. Initial pH of this solution was 3.5. Eﬀects
of aqueous matrix (using the eﬄuent of a municipal WWTP) and pol-
lutant concentration were also evaluated for the best process (cf. §
3.3.3). For bench-scale assays, pesticide solutions were prepared with
tap water or inlet stream of WWTP.
A quenching solution containing KI (0.1 mol L−1), Na2SO3
(0.1 mol L−1) and a phosphate buﬀer (mixture of KH2PO4, 0.05 mol L
−1
and Na2HPO4.2H2O, 0.05mol L
−1, pH 7.2) was prepared for the
treatment of the withdrawn samples before analysis. KI and Na2SO3
reduced H2O2, while the phosphate buﬀer precipitated dissolved iron.
For bench scale experiments, residual iron was eliminated by addition
of Ca(OH)2 solution (10 wt% aqueous solution).
2.2.1. Photochemical reactor
The experimental set-up used for parametric study on photolysis
and photo-Fenton oxidation (Fig. 1A) consisted of a 1 L stirred Pyrex
reactor, equipped with a jacket to maintain the temperature of the so-
lution at 30 °C. It included a jacketed immersion well, made either of
quartz or borosilicate glass, in which the artiﬁcial light source was
placed. Three diﬀerent types of lamp were used: a medium-pressure
mercury vapor lamp (MP Hg, λ=200–600 nm, 450W Hanovia
PC451.050 lamp, arc length 4.8 cm), a low-pressure mercury vapor
lamp (LP Hg, λ=254 nm, 10W Heraeus GPH212T5L/4 lamp) and a
xenon arc lamp (Xe-arc, λ=360–700 nm, 150W Peschl Ultraviolet
TXE 150). For safety reasons, this photochemical reactor was installed
inside a closed cabinet and equipped with an automatic shutdown
system if the temperature of the solution exceeded 60 °C or the box door
was opened. The solution (700mL) was agitated by a magnetic stirrer
rotating at 350 rpm and by gentle bubbling of air. For homogeneous
(photo-)Fenton oxidation, the initial pH of the solution was adjusted to
2.6 with 10% H2SO4, after which the catalyst and H2O2 were added.
Experiments using the Fe-zeolite included a preliminary adsorption step
of 300min before addition of the oxidant.
Fig. 1. Set-ups used for: (A) parametric study on photolysis and photo-Fenton oxidation (1- glass reactor, 2, 3- thermostated jacket, 4- UV/Vis lamp, 5- sampling tube, 6- bubbling of air, 7-
thermometer, 8-magnetic stirrer bar and motor); (B) solar photo-Fenton treatment (1- open channel reactor, 2- stirred tank, 3- peristaltic pump).
+ = + +C H Cl O 15H O 8CO 17H O 2HCl8 6 2 3 2 2 2 2 (5)
It corresponded to 1.7mmol/L of H2O2 for an initial pollutant
concentration of 25mg L−1.
2.3. Analytical methods
2.3.1. Sample preparation
During the 5 h of oxidation, 10mL aliquots were withdrawn at se-
lected time intervals (after 10, 20, 60, 180 and 300min of oxidation
process). (Photo)-Fenton oxidation samples were treated prior to ana-
lysis. For total organic carbon measurement, 7 mL of the reacting so-
lution were mixed with 3mL of the quenching solution to prevent any
further oxidation. The sample was passed through 0.45 mm regenerated
cellulose membrane syringe ﬁlter and diluted with ultrapure water to
15mL. It was checked that retention of 2,4-D over the selected mem-
brane was negligible. For chromatography analysis, 1.5 mL of sample
was mixed with 0.5 mL of phosphate buﬀer (to prevent any interference
from the reducing agents) and ﬁltered, before being readily injected.
2.3.2. Physicochemical analysis
2,4-D concentration was measured by a High Performance Liquid
phase Chromatograph with UV detection (UV2000 diode array de-
tector, Thermo Finnigan). The separation was achieved on a C18 re-
verse phase column (ProntoSIL C18 AQ) using an isocratic mobile phase
(40/60 mixture of acetonitrile and ultrapure water acidiﬁed at pH 1.6
with H3PO4) fed at 1mLmin
−1. The wavelength was set to 230 nm for
2,4-D detection. Quantiﬁcation was made from a calibration curve
periodically updated with fresh standard solutions (with 2,4-D con-
centration ranging from 1 to 25mg L−1). The relative uncertainty was
less than 1.7% and the quantiﬁcation limit was 1mg L−1.
The total organic carbon (TOC) concentration was calculated from
the diﬀerence between total carbon (TC) and inorganic carbon (IC)
concentrations measured with a Shimadzu TOC-VCSN analyzer.
Quantiﬁcation limit for TC was 0.05mg L−1. Reported values corre-
sponded to the mean of three successive measurements showing a
variation coeﬃcient (CV) of less than 2%.
3. Results and discussion
3.1. Photolysis
Irradiation spectrum and intensity are key parameters of the pho-
tolytic degradation of organic molecules. To investigate their eﬀect
separately, the applied wavelength range was ﬁrst varied by using the
MP Hg lamp with either a quartz or glass immersion well. According to
the supplier, the MP Hg lamp emits 40–48% of its energy in the ul-
traviolet part of the spectrum and 40–43% in the visible range. The
glass holder should cut most of the radiation below 280 nm, about 50%
of the emission at 310 nm, and shows full transmittance above 355 nm.
In addition, the performance of a low intensity LP Hg lamp was ex-
amined, which mainly exhibits a monochromatic emission at 254 nm.
Fig. 2 shows the evolution of 2,4-D and TOC concentrations during the
corresponding photolysis experiments.
For both conversion and mineralization, the removal yield of 2,4-D
ranged in the following order: MP Hg lamp+quartz lamp
holder > > LP Hg lamp+quartz lamp holder > > MP Hg
lamp+borosilicate lamp holder. This behavior could be explained by
the absorbance spectrum of the molecule, which exhibited maxima at
201, 230 and 283 nm and by the diﬀerences in lamp irradiation in-
tensity in this wavelength range. In the best conditions, 2,4-D was to-
tally degraded by direct photolysis in 10min and total mineralization
was achieved in 1 h. The results obtained with the LP Hg lamp (using
quartz immersion well) were consistent with those reported by other
authors [16,24–27] in similar conditions.
3.2. UV/H2O2 photo-oxidation
Addition of H2O2 is expected to promote pollutant degradation since
it is decomposed by UV light into highly reactive hydroxyl radicals
[28,29]. On the other hand, a too high excess of H2O2 might not be
beneﬁcial as it also competes with the target compounds for OH• ra-
dicals, according to:
+ → +OH H O HO H O• 2 2 2
•
2 (6)
+ → +HO OH H O O2
• •
2 2 (7)
Another set of experiments was thus carried out with LP Hg lamp in
order to study the eﬀect of initial H2O2 concentration in the combined
process. Dosages between 2 and 7 times the stoichiometric amount for
complete mineralization (cf. Eq. (5)) were applied.
Under dark conditions, addition of H2O2 in stoichiometric excess
only converted up to 1% of 2,4-D after 5 h of reaction. However its
eﬀect was remarkable when combined with the lowest intensity lamp,
allowing complete conversion of the pesticide in the ﬁrst 10min and
much higher mineralization yields than the sole photolysis (Fig. 3).
On the other hand, the inﬂuence of H2O2 dosage was rather mod-
erate in the investigated range. Increasing oxidant concentration was
beneﬁcial up to 8.5mM, after which a slight decrease in TOC removal
was observed, that could be ascribed to H2O2 scavenging eﬀect. The
oxidation of 2,4-D by OH• exhibits a rate constant of
5.1·109 Lmol−1 s−1 at ambient temperature [26], which is much higher
than that reported for the reaction in between H2O2 and OH• (Eq. (6)):
(1.7–4.5)·107 Lmol−1 s−1 [30]. However, at the highest excess of H2O2
(11.9 mM vs. 0.11mM of 2,4-D), the rates of the two reactions became
comparable, resulting in competition eﬀect.
The inﬂuence of irradiation spectrum in the photo-H2O2 process was
also investigated. Fig. 4 compares conversion and mineralization yields
obtained with LP Hg lamp and quartz lamp holder to those of MP Hg
lamp and glass lamp holder.
Despite higher power of the MP Hg lamp, a slower elimination of
2,4-D was observed for wavelengths above 280 nm, which is due to the
low absorbance of H2O2 in the UVB-Vis range [31].
3.3. Photo-Fenton oxidation
Synergy eﬀect between UV irradiation and Fenton’s reagent has also
been reported in numerous studies [23,32–35]. As one of the activation
mechanisms,the photoreduction of ferric iron (Eq. (3)) may be initiated
in the visible range [28], beneﬁcial eﬀect can be expected over a much
larger zone of the irradiation spectrum than in the UV/H2O2 process.
Therefore the inﬂuence of light source was assessed ﬁrst, using the
optimal oxidant concentration previously found and a concentration of
ferrous salt corresponding to a [H2O2]/[Fe] molar ratio of 10.
3.3.1. Eﬀect of lamp type
As previously, diﬀerent artiﬁcial light sources were tested, including
a xenon arc lamp that mimicked solar irradiation due to its emission
spectrum in the UVA-Vis range (λ=360–740 nm). For all three lamps,
2,4-D was eliminated in the ﬁrst 10min. TOC removal, Fig. 5, ranged in
the following order: LP Hg lamp+quartz lamp holder > Xe-arc
lamp+quartz lamp holder > MP Hg lamp+borosilicate lamp
holder. However, much lower diﬀerences were observed between the
2.2.2. Bench scale solar reactor
The set-up used for solar photo-Fenton treatment (Fig. 1B) was 
composed of a tank of 15 L, a peristaltic pump (Easy-Load Masterﬂex) 
and an open channel reactor (250 mm width × 640 mm 
length × 110 mm height; useful volume: 15 L) made of stainless steel. It 
was operated in a closed-loop mode using a recirculation ﬂow rate of 
1 L min−1.
The stoichiometric amount of H2O2 required for the mineralization 
of the pesticide was calculated based on the following equation:
two extremes with respect to photo-H2O2 process. Interestingly, Xe-arc
lamp resulted in a similar activation of the Fenton reaction as LP Hg
lamp, outlining perspectives in the use of solar light as substitute of UV
lamps for a more economical process. It is also worth noting that de-
spite its lower power and rather similar emission spectrum range, Xe-
arc lamp was found to be more eﬃcient than the ﬁltered MP Hg lamp.
3.3.2. Eﬀect of iron: source: heterogeneous vs. homogeneous photo-Fenton
oxidation
The biggest drawback of the homogeneous photo-Fenton process
comes from the necessity of a post-treatment, as iron concentrations
usually applied (about tens of ppm) are much higher than the maximum
allowable discharge concentration (2mg L−1 in the EU [36]). Moreover
Fenton oxidation operates within a narrow pH range, usually between 2
and 4, mostly to prevent iron precipitation during the reaction. Neu-
tralization of the eﬄuent thus follows the oxidation process both to
remove iron and reach the release standards, producing hardly dis-
posable sludge, besides chemical consumption and catalyst lost. To
overcome these issues, heterogeneous iron-based catalysts have been
used in the so-called Fenton-like process, allowing wider operated pH
ranges and facilitating the reuse of catalyst [37,38]. Fe-containing
zeolites are interesting candidates for heterogeneous Fenton reaction
due to the combination of their adsorptive, acidic and catalytic prop-
erties.
A group of experiments was then carried out in order to evaluate the
catalytic activity of a ZSM-5 zeolite bearing iron active sites in (photo-)
Fenton oxidation. To limit light scattering/absorption by the particles,
slurry concentration was set to 1 g L−1 which corresponded to 0.62mM
of total iron.
Preliminary contacting step between the Fe-zeolite and 25mg L−1
2,4-D solution revealed a marginal adsorption of the pesticide onto the
catalyst (with less than 0.5% uptake from the aqueous phase for a
catalyst concentration of 1 g L−1). This can be explained by several
factors. First, molecular size of 2,4-D (0.85×0.54×0.22 nm, calcu-
lated by MOPAC 2016) is close to that of ZSM-5 cages (with pore
openings of 0.51 nm×0.55 nm and 0.54 nm×0.56 nm for sinusoidal
and straight channels, respectively [39,40]), limiting the access of the
molecule to the micropores. Moreover, the pH of the solution after
contact was 3.5, which is higher than the point of zero charge (PZC) of
the catalyst (2.9) and the pKa of 2,4-D (2.7). Therefore both the zeolite
surface and the molecule exhibited negative charges, resulting into
mutual electrostatic repulsion that thus impeded adsorption of 2,4-D.
Fig. 6 compares the performance of heterogeneous Fenton and
photo-Fenton processes to that of the homogeneous counterparts (using
FeSO4·7H2O) at similar total iron concentration (0.84mM) and H2O2
concentration of 8.5 mM. A diﬀerence was in the initial pH of the so-
lution which was set to 2.6 for the homogeneous system, but not ad-
justed in the presence of the zeolite.
As under such conditions, UV/H2O2 already allowed the complete
elimination of 2,4-D within 10min, only mineralization results are
plotted for the case of photo-Fenton oxidation in Fig. 6. TOC removal by
UV/H2O2 is also recalled in this ﬁgure.
Fig. 2. Eﬀect of irradiation spectrum and lamp power on the degradation of 2,4-D by photolysis. [2,4-D]0=25 mgl.L
−1, pH0=3.5, T=30 °C.
Fig. 3. Eﬀect of H2O2 dosage on the mineralization of 2,4-D by photo-H2O2 process. [2,4-D]0=25 mgl.L
−1, pH0=3.5, T=30 °C, 10W LP Hg lamp and quartz lamp holder.
Under dark conditions, the Fe-zeolite yielded 94% conversion of the
pesticide after 5 h vs. complete conversion in 10min with the ferrous
salt. Initial mineralization rate was also signiﬁcantly lower with Fe-
zeolite, but, contrarily to the homogeneous system, TOC concentration
did not seem to plateau.
Under UV irradiation, the eﬀect of this catalyst was in fact marginal
as the heterogeneous photo-Fenton process resulted in essentially the
same TOC evolution as with UV/H2O2. Therefore it was not considered
in the further work.
3.3.3. Matrix eﬀect
In order to investigate the eﬃciency of homogeneous photo-Fenton
oxidation in real application, a set of lab-scale experiments was per-
formed using wastewater matrix and varying the initial concentration
of 2,4-D. The eﬄuent from of a municipal wastewater treatment plant
located in Nailloux village (France) was used (eﬄuent A), whose phy-
sicochemical properties are given in Table S1 (Supporting information).
In particular, its contribution to TOC was lower than that of 2,4-D at the
reference concentration (25mg L−1) and it also contained a signiﬁcant
amount of carbonate and bicarbonate ions as shown by its IC value
(29.4 mg L−1). However, the latter were probably removed by the
preliminary acidiﬁcation at pH 2.6.
Fig. 7 compares the normalized TOC concentration–time proﬁles
during the homogeneous photo-Fenton oxidation, for two initial con-
centrations of 2,4-D: 5 and 25mg L−1. The results corresponding to the
solution prepared with osmosed water matrix (at same pesticide con-
centration) are shown for comparison purpose. It should be ﬁrst noted
that complete degradation of 2,4-D was still achieved within 10min for
all the conditions. At the reference pesticide concentration, similar in-
itial mineralization rates were observed in the two aqueous matrixes;
however residual TOC (about 10%) remained after 5 h for the waste-
water eﬄuent while full abatement was obtained in osmosed water. A
possible explanation for this behavior could be the presence of more
refractory compounds in eﬄuent A. Reduction of 2,4-D concentration
by a factor 5 indeed lowered ﬁnal mineralization yield in wastewater
eﬄuent, while it led to a faster TOC removal in osmosed water. Note
that this concentration eﬀect in osmosed water was consistent to that
reported in diﬀerent UV-based processes [9,24].
3.3.4. Optimization of Fenton’s reagent concentration
Table 1 indicates the results of photo-Fenton oxidation of 2,4-D after
10min, using LP Hg lamp and quartz lamp holder. Concentrations of
Fe2+ and H2O2 were varied, following a factorial 3
2 experimental de-
sign (rows 5–13).
For all the studied conditions, photo-Fenton reaction yielded a
complete conversion of 2,4-D and mineralization yield was higher than
Fig. 4. Eﬀect of irradiation spectrum and lamp power on the degradation of 2,4-D by UV/H2O2 photo-oxidation.
[2,4-D]0=25mgl L
−1, T=30 °C, [H2O2]0=8.5mM, pH0=3.5.
Fig. 5. Eﬀect of irradiation spectrum and lamp
power on the mineralization of 2,4-D by photo-
Fenton oxidation. [2,4-D]0=25 mgl.L
−1,
[H2O2]0=8.5mM, [Fe
2+]0=0.84mM; T=30 °C;
pH0=2.6.
50%, thus outperforming that of photolysis alone (ﬁrst row in Table 1)
and dark Fenton process (fourth row). In the initial investigated range,
best TOC removal (84.1%) was obtained for 3.4 mM of H2O2 and
0.21mM of Fe2+, the latter value matching to the lowest bound of the
experimental design. Therefore, two more experiments were carried
out, by reducing the iron concentration with H2O2 concentration set at
the optimal value. Corresponding results are given in rows 14–15 of
Table 1, and showed that a lower amount of Fe2+ down to 0.08mM was
still beneﬁcial. Moreover, it should be noticed that the use of iron
catalyst reduced the optimal H2O2 concentration by a factor 2.5 with
respect to UV/H2O2 process.
From multiple polynomial regression of the data using Statgraphics
PLUS version 5.0 software, a mathematical model was derived that
predicts 2,4-D mineralization yield after 10min of photo-Fenton oxi-
dation as a function of hydrogen peroxide and Fe2+ concentrations:
= + + − × −
−
+ +
+
X 66.5 4[H O ] 62.8[Fe ] 6[H O ] [Fe ] 0.2[H O ]
64.2[Fe ]
TOC,10min 2 2
2
2 2
2
2 2
2
2 2
The above equation adequately describes the experimental data as
shown by the analysis of variance in Table S2 (Supporting information).
For this model the correlation coeﬃcient (R2) was 98.06%, therefore
showing a good ﬁt of the model. Setting the level of signiﬁcance to 0.1
(P-value<0.1), only Fe2+, H2O2×Fe
2+ and Fe2+×Fe2+ are actually
relevant parameters in the model, H2O2×Fe
2+ interaction showing
the most important eﬀect on TOC removal eﬃciency. Then, the ﬁnal
form of the statistic model is:
= + − × −+ + +X 81.0 51.2[Fe ] 4.2[H O ] [Fe ] 63.7[Fe ]TOC,10min
2
2 2
2 2 2
Fig. 8 exhibits the response surface and contour plots corresponding
to the second-order polynomial ﬁt. It can be observed that miner-
alization yield of the pesticide was more than 85% in a range lasting
from 3.4 to 8.5mM of H2O2 and from 0.2 to 0.3 mmol/L of iron, beyond
which it decreased with an increase of either H2O2 or Fe
2+ con-
centration.
3.3.5. Bench scale experiments in solar photo-reactor
Finally, taking in account the promising results obtained with the
xenon-arc lamp, experiments were carried out using solar light. In these
experiments, two diﬀerent aqueous matrixes were used: (A) tap water
and (B) inlet stream from wastewater treatment plan of Almendares
river (Habana, Cuba) (eﬄuent B, without any prior treatment contrarily
to eﬄuent A). Table 2 indicates the physicochemical properties of the
2,4-D solution (25mg L−1) prepared in eﬄuent B, before treatment and
after photo-Fenton oxidation (5 h of reaction time). The optimal con-
centration of Fenton’s reagent deduced from the experimental design
were ﬁrst used (labelled as “low [FR]”), without accounting for the
chemical composition of the matrix. Then, theis concentration was
Fig. 6. Degradation of 2,4-D by homogeneous* (Fe2SO4·7H2O) and heterogeneous** (Fe-ZSM-5) (photo)-Fenton processes. [2,4-D]0=25 mgl.L
−1, T= 30 °C; [H2O2]0=8.5mM,
[Fe2+]0=0.84mM, [zeolite]= 1 g L
−1. *pH0: 2.6, **pH0: 3.5, LP Hg lamp and quartz lamp holder for photo-assisted processes. TOC degradation by UV/H2O2 (8.5 mM) is recalled for
comparison purpose.
Fig. 7. Eﬀect of 2,4-D initial concentration and ma-
trix composition on the degradation of 2,4-D by
photo-Fenton process. T= 30 °C; 10W LP Hg lamp
and quartz lamp holder; [H2O2]0=8.5mM,
[Fe2+]0=0.84mM; pH0=2.6.
adjusted according to the chemical oxygen demand of the wastewater
matrix (“high [FR]”, corresponding to 25.6mM of H2O2 and 0.6 mM of
Fe2+ to keep the same [H2O2]/[Fe] molar ratio).
Concentration-time proﬁles of 2,4-D and TOC are also depicted in
Fig. S1 for the two water matrixes and the two applied concentrations
of Fenton’s reagent (see Supporting information). For all the in-
vestigated conditions, more than 95% conversion of 2,4-D was reached
in one hour. Mineralization eﬃciency followed the order: tap water
(low [FR]) > wastewater (high [FR]) > wastewater (low [FR]),
where 5 h of reaction resulted in TOC removal of 80.1, 76.0 and 70.7%,
respectively. Thus adjusting the Fenton’s reagent concentrations to the
matrix composition increased TOC removal close to the value achieved
in tap water. These mineralization yields are better than those reported
in previous studies about 2,4-D degradation by heterogeneous photo-
catalytic process using simulated solar light [12] and solar photo-
Fenton oxidation [24]. In addition to TOC abatement, proposed treat-
ment of the solution (including neutralization by Ca(OH)2 and ﬁltra-
tion) allowed to eliminate more than 50% of initial BOD, COD, sedi-
mented solids and iron content. Moreover, Table 2 shows that he
pollution indicators were then below the values ﬁxed by Cuban norm
(NC-27-2012) [40] for wastewater discharge, and removal eﬃciency of
BOD, COD, TOC, sedimented solids and iron was above 50%.
4. Conclusions
Degradation of 2,4-D by AOPs using diﬀerentUV sources and che-
micals (H2O2 and iron-based catalysts) was studied. With a medium-
pressure mercury vapor lamp the sole photolysis achieved total mi-
neralization of the pollutant in one hour. On the other hand, homo-
geneous photo-Fenton oxidation outperformed the other investigated
processes at 254 nm: after optimization of reagent concentration by
response surface methodology, this process led to complete conversion
of the molecule and mineralization yield over 85% within 10min.
Optimal concentration of Fenton’s reagent corresponded to 2 times the
stoichiometric amount of H2O2 (3.4 mM) and oxidant-to-catalyst molar
ratio of 40. Use of wastewater eﬄuent as aqueous matrix lowered the
mineralization yield of the homogeneous process, most likely due to the
presence of other refractory compounds as indicated from results at
diﬀerent initial 2,4-D concentration. Interestingly, xenon lamp mi-
micking solar irradiation exhibited similar activation eﬀect on the
Fenton reaction as low pressure mercury vapor lamp. The potential of
solar photo-Fenton oxidation was further investigated in bench scale
experiments under sunlight, using wastewater eﬄuent as aqueous
matrix. After proper setting of the operating conditions, the treatment
was found eﬃcient for both elimination of the pesticide (still achieved
Table 1
Eﬀect of Fenton’s reagent (Fe(II)/H2O2) concentration on the degradation of 2,4-D by photo-Fenton process. [2,4-D]0=25mg L
−1, T= 30 °C; 10W LP Hg lamp and quartz lamp holder
for photo-assisted processes and pH0=2.6 for Fenton-based oxidation; t= 10min.
Row Number Concentration of H2O2, mM Concentration of Fe
2+ (FeSO4·7H2O), mM H2O2/Fe
2+ Conversion, % Mineralization, %
1 0 0 0 2 1.5
2 8.5 0 0 100 24
3 8.5 0 0 1.1* 0*
4 8.5 0.84 10 100* 21*
5 3.4 0.21 16 100 84.1
6 5.9 28 100 83.5
7 8.5 40 100 83.6
8 3.4 0.48 7 100 80.8
9 5.9 12 100 82.3 ± 0.2
10 8.5 17 100 71.7
11 3.4 0.84 4 100 71.1
12 5.9 7 100 60.8
13 8.5 10 100 52.1
14 3.4 0.14 24 100 90.9
15 3.4 0.08 40 100 90.2
* Dark experiments.
Fig. 8. Response surface and contour plots for mineralization of 2,4-D achieved by photo-Fenton oxidation after 10min. [2,4-D]0=25mg L
−1, T=30 °C; 10W LP Hg lamp and quartz
lamp holder and pH0=2.6.
in 10min) and TOC removal (> 75% after 5 h).
Acknowledgments
Financial support for this work was provided by FSP-Cuba project
(Campus France, 29937RD), TATARCOP project (InSTEC, Cuba), and
the French Embassy in Cuba, which are gratefully acknowledged. The
authors also thank the French Ministry of Foreign Aﬀairs for Eiﬀel
scholarship (840828J) of G. Cruz.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.jece.2017.12.049.
References
[1] A. Laganà, A. Bacaloni, I. De Leva, A. Faberi, G. Fago, A. Marino, Occurrence and
determination of herbicides and their major transformation products in environ-
mental waters, Anal. Chim. Acta 462 (2002) 187–198.
[2] C. Botrè, F. Botrè, F. Mazzei, E. Podestà, Inhibition-based biosensors for the de-
tection of environmental contaminants: determination of 2, 4-di-
chlorophenoxyacetic acid, Environ. Toxicol. Chem. 19 (2000) 2876–2881.
[3] R. Loos, G. Locoro, S. Comero, S. Contini, D. Schwesig, F. Werres, P. Balsaa,
O. Gans, S. Weiss, L. Blaha, M. Bolchi, B.M. Gawlik, Pan-European survey on the
occurrence of selected polar organic persistent pollutants in ground water, Water
Res. 44 (2010) 4115–4126.
[4] M.A. Lemus, T. López, S. Recillas, D.M. Frías, M. Montes, J.J. Delgado,
M.A. Centeno, J.A. Odriozola, Photocatalytic degradation of 2,4-di-
chlorophenoxyacetic acid using nanocrystalline cryptomelane composite catalysts,
J. Mol. Catal. A- Chem. 281 (2010) 107–112.
[5] H. Johannesen, A. Jens, Mineralization of aged atrazine, terbuthylazine, 2,4-D, and
mecoprop in soil and aquifer sediment, Environ. Toxicol. Chem. 22 (2003)
722–729.
[6] Reregistration Eligibility Decision (RED), 2,4-D, EPA 738-R-05-002, U.S.
Environmental Protection Agency, Oﬃce of Prevention, Pesticides and Toxic
Substances, Oﬃce of Pesticide Programs, U.S. Government Printing Oﬃce, 2005.
[7] Y. Xi, M. Mallavarapu, R. Naidu, Adsorption of the herbicide 2,4-D on organo-pa-
lygorskite, Appl. Clay Sci. 49 (2010) 255–261.
[8] WHO, The World Health Report: Reducing Risks, Promoting Healthy Life, World
Health Organization, 2002, 2002.
[9] U.G. Akpan, B.H. Hameed, Photocatalytic degradation of 2,4-di-
chlorophenoxyacetic acid by Ca–Ce–W–TiO2 composite photocatalyst, Chem. Eng.
J. 173 (2011) 369–375.
[10] C. Guzmán, G. Del Ángel, R. Gómez, F. Galindo-Hernández, C. Ángeles-Chavez,
Degradation of the herbicide 2,4-dichlorophenoxyacetic acid over Au/TiO2?CeO2
photocatalysts: eﬀect of the CeO2 content on the photoactivity, Catal. Today 166
(2011) 146–151.
[11] F. Fourcade, S. Yahiat, K. Elendaloussi, S. Brosillon, A. Amrane, Relevance of
photocatalysis prior to biological treatment of organic pollutants—selection cri-
teria, Chem. Eng. Technol. 35 (2012) 238–246.
[12] M.L. Maya-Treviño, J.L. Guzmán-Mar, L. Hinojosa-Reyes, N.A. Ramos-Delgado,
M.I. Maldonado, A. Hernández-Ramírez, Activity of the ZnO–Fe2O3 catalyst on the
degradation of Dicamba and 2,4-D herbicides using simulated solar light, Ceram.
Int. 40 (2014) 8701–8708.
[13] O. García, E. Isarain-Chavez, S. García-Segura, E. Brillas, J.M. Peralta-Hernández,
Degradation of 2,4-dichlorophenoxyacetic acid by electro-oxidation and electro-
Fenton/BDD processes using a pre-pilot plant, Electrocatalysis 4 (2013) 224–234.
[14] K. Zhu, S.A. Baig, J. Xu, T. Sheng, X. Xu, Electrochemical reductive dechlorination
of 2, 4-dichlorophenoxyacetic acid using a palladium/nickel foam electrode,
Electrochim. Acta 69 (2012) 389–396.
[15] J.M. Fontmorin, F. Fourcade, F. Geneste, D. Floner, S. Huguet, A. Amrane,
Combined process for 2,4-Dichlorophenoxyacetic acid treatment. Coupling of an
electrochemical system with a biological treatment, Biochem. Eng. J. 70 (2013)
17–22.
[16] M.B. Gilliard, C.A. Martín, A.E. Cassano, M.E. Lovato, Reaction kinetic model for
2,4-dichlorophenoxyacetic acid decomposition in aqueous media including direct
photolysis, direct ozonation, ultraviolet C, and pH enhancement, Ind. Eng. Chem.
Res. 52 (2013) 14034–14048.
[17] X. Lü, Q. Zhang, W. Yang, X. Li, L. Zeng, L. Li, Catalytic ozonation of 2,4-di-
chlorophenoxyacetic acid over novel Fe–Ni/AC, RSC Adv. 5 (2015) 10537–10545.
[18] E. Piera, J.C. Calpe, E. Brillas, X. Domènech, J. Peral, 2,4-Dichlorophenoxyacetic
acid degradation by catalyzed ozonation: TiO2/UVA/O3 and Fe(II)/UVA/O3 sys-
tems, Appl. Catal. B-Environ. 27 (2000) 169–177.
[19] J.L. Rodríguez, T. Poznyak, M.A. Valenzuela, H. Tiznado, I. Chairez, Surface in-
teractions and mechanistic studies of 2,4-dichlorophenoxyacetic acid degradation
by catalytic ozonation in presence of Ni/TiO2, Chem. Eng. J. 222 (2013) 426–434.
[20] Y. Yu, M. Jun, Y. Hou, Degradation of 2,4-dichlorophenoxyacetic acid in water by
ozone-hydrogen peroxide process, J. Environ. Sci. 18 (2006) 1043–1049.
[21] S. Semitsoglou-Tsiapou, M.R. Templeton, N.J. Graham, L.H. Leal, B.J. Martijn,
A. Royce, J.C. Kruithof, Low pressure UV/H2O2 treatment for the degradation of
the pesticides metaldehyde, clopyralid and mecoprop–kinetics and reaction product
formation, Water Res. 91 (2016) 285–294.
[22] R. Bauer, G. Waldner, H. Fallmann, S. Hager, M. Klare, T. Krutzler, S. Malato,
P. Maletzky, The photo-Fenton reaction and the TiO2/UV process for wastewater
treatment—novel developments, Catal. Today. 53 (1999) 131–144.
[23] A.J. Luna, C.A. Nascimento, E.L. Foletto, J.E. Moraes, O. Chiavone-Filho, Photo-
Fenton degradation of phenol 2,4-dichlorophenoxyacetic acid and 2,4-di-
chlorophenol mixture in saline solution using a falling-ﬁlm solar reactor, Environ.
Technol. 35 (2014) 364–371.
[24] O.M. Alfano, R.J. Brandi, A.E. Cassano, Degradation kinetics of 2,4-D in water
employing hydrogen peroxide and UV radiation, Chem. Eng. J. 82 (2001) 209–218.
[25] C.Y. Kwan, W. Chu, Photodegradation of 2,4-dichlorophenoxyacetic acid in various
iron-mediated oxidation systems, Water Res. 37 (2003) 4405–4412.
[26] F.J. Benitez, J.L. Acero, F.J. Real, S. Roman, Oxidation of MCPA and 2,4-D by UV
radiation, ozone, and the combinations UV/H2O2 and O3/H2O2, J. Environ. Sci.
Health B 39 (2004) 393–409.
[27] R.R. Giri, H. Ozaki, T. Ishida, R. Takanami, S. Taniguchi, Synergy of ozonation and
photocatalysis to mineralize low concentration 2,4-dichlorophenoxyacetic acid in
aqueous solution, Chemosphere 66 (2007) 1610–1617.
[28] J.R. Bolton, S.R. Cater, Homogeneous photodegradation of pollutants in con-
taminated water: an introduction, Aquat. Surf. Photochem. 33 (1994) 467–490.
[29] Mehmet A. Oturan, Jean-Jacques Aaron, Advanced oxidation processes in water/
wastewater treatment: principles and applications. A review, Crit. Rev. Environ. Sci.
Technol. 44 (2014) 2577–2641.
[30] A. Babuponnusami, K. Muthukumar, A review on Fenton and improvements to the
Fenton process for wastewater treatment, J. Env. Chem. Eng. 2 (2014) 557–572.
[31] USP technologies. H2O2 radiation properties. Ultraviolet absorption spectrum,
Hydrogen peroxide. www.h2o2.com/technical-library/physical-chemical-
properties/radiation-properties/default.aspx?pid=65&name=Ultraviolet-
Absorption-Spectrum (Accessed 15 May 2017).
[32] W.C. Paterlini, R.F. Pupo-Nogueira, Multivariate analysis of photo-Fenton de-
gradation of the herbicides tebuthiuron diuron and 2, 4-D, Chemosphere 58 (2005)
1107–1116.
[33] E.R. Bandala, M.A. Peláez, D.D. Dionysiou, S. Gelover, J. Garcia, D. Macías,
Degradation of 2,4-dichlorophenoxyacetic acid (2, 4-D) using cobalt-perox-
ymonosulfate in Fenton-like process, J. Photochem. Photobiol. A 186 (2007)
357–363.
[34] Y.C. Kwan, W. Chu, The role of organic ligands in ferrous-induced photochemical
degradation of 2, 4-dichlorophenoxyacetic acid, Chemosphere 67 (2007)
1601–1611.
[35] A.V. Schenone, L.O. Conte, M.A. Botta, O.M. Alfano, Modeling and optimization of
photo-Fenton degradation of 2,4-D using ferrioxalate complex and response surface
methodology (RSM), J. Environ. Manage. 155 (2015) 177–183.
[36] European Commission, Council Directive 76/464/EEC, 2006.
[37] F. Velichkova, C. Julcour-Lebigue, B. Koumanova, H. Delmas, Heterogeneous
Fenton oxidation of paracetamol using iron oxide (nano)particles, J. Environ.
Parameter Initial solution Treated
solution1
Cuban norm
(NC-27–2012)
[41]
Removal
eﬃciency
(%)
Temperature (°C) 27 27 <40 –
pH 6.5 7 ± 0.5 6–9 –
BOD-5 (mg L−1
of O2)
67.6 25.3* <40 62.6*
24.1** 64.3**
COD (mg L−1 of
O2)
218 < 90* <90 >58*
<90** >58**
Sedimented
solids
(mL L−1)
2,5 ± 0,1 0* <2 100*
0** 100**
Iron (mg L−1) 0.5 0.07* – 86.7*
0.1** 72.1**
Floating matter present absent absent –
Conductivity
(μS cm−1)
1310 65* <2000 –
60**
TOC (mg L−1 of
C)
83.1 23.1* – 70.6*
19.4** 76.7**
1 These values were determined after precipitation of Fe2+ and neutralization with Ca
(OH)2.
* “low [FR]”: H2O2 3.4mM and Fe
2+ 0.08mM.
** “high [FR]”: H2O2 25.6mM and Fe
2+ 0.6mM.
Table 2
Characterization of 2,4-D/wastewater mixture (25 mg L−1 of 2,4-D in eﬄuent B), before 
treatment and after 5 h of photo-Fenton oxidation (the solution being acidiﬁed to 
pH0 = 2.6 prior to the reaction).
Chem. Eng. 1 (2013) 1214–1222.
[38] M. Minella, G. Marchetti, E. De Laurentiis, M. Malandrino, V. Maurino, C. Minero,
D. Vione, K. Hanna, Photo-Fenton oxidation of phenol with magnetite as iron
source, Appl. Catal. B 154 (2014) 102–109.
[39] F. Velichkova, H. Delmas, C. Julcour, B. Koumanova, Heterogeneous fenton and
photo-fenton oxidation for paracetamol removal using iron containing ZSM-5
zeolite as catalyst, AIChE J. 63 (2017) 669–679.
[40] S.M. Auerbach, K.A. Carrado, P.K. Dutta, Handbook of Zeolite Science and
Technology, CRC Press, 2003.
[41] Norma Cubana de Vertimiento de Aguas Residuales a las Aguas Terrestres y
Alcantarillado, NC 27:2012 (ONN), 2012. F.
